Introduction 1
1,4-dioxane is an organic compound used as solvent in many industrial processes, as well as it is 2 generated as a by-product in several industrial chemical reactions [1] . The main environmental 3 concern regarding the potential release of this compound to the environment has recently 4 increased due to its major negative effects on health. Correspondingly, 1,4-dioxane is classified 5 as a priority pollutant by the US EPA [2] . Furthermore, it is a bio-recalcitrant and persistent 6 organic molecule that cannot be treated by conventional bio-treatment technologies [1, 3] . In fact, 7 physical treatments, such as adsorption on activated carbon or air striping, have not been 8 successful removing dioxane from water because of this inherent high aqueous solubility and its 9 low vapor pressure [3, 4] . Moreover, it has been addressed that the chemical oxidation of 1,4-10 dioxane by chlorine could lead to the formation of even more toxic compounds [1] . In 11 conclusion, traditional treatments have not been shown as effective degrading this substance. 12 Only distillation technology has efficiently been proved to separate 1,4-dioxane from the 13 solution due to its high volatility; but its use has a very high associated cost, particularly at very 14 low concentration levels [1, 3, 4] . 15 7 was monitored along the process, and adjusted to the desired value (± 0.1) using 1 mol·L -1 1 sodium hydroxide, or 1 mol·L -1 sulphuric acid, as required. Considering 1,4-dioxane is degraded 2 to ethylene glycol at a very slow rate at acid pH values, whereas it is ionized and keeps a stable 3 structure under basic ones, pH adjustment was carried out after adding dioxane (247.8 mg·L -1 ; 4 initial COD=450 mgO 2 ·L -1 ) when performing trials under acid conditions, and before its 5 incorporation to the solution otherwise. After temperature and initial pH adjustment, ferrous 6 sulphate was added to the solution at the ferrous ion concentration specified in the experimental 7 design described next to optimize treatment results. Hydrogen peroxide (30% w/v) was then 8 added in batch mode until the designed concentration was also reached. Treatments were run 9 until all the added H 2 O 2 was totally consumed, so maximum COD removal was achieved for a 10 set of reaction variables values. 11
Aliquots of the treated solution were periodically sampled with a syringe along the trials. 12
These samples were adjusted to pH≈9.0 adding 40% sodium hydroxide (NaOH), and then 13 centrifuged during 15 min at 2000 rpm. COD and H 2 O 2 concentrations were measured in the 14 collected supernatant. H 2 O 2 concentration values were used to correct COD values according to 15 Hermosilla et al. [18] . 16
Initial reaction conditions and concentrations of reagents chosen to perform on-line FTIR 17 control experiments were determined after optimizing the Fenton treatment of 1,4-dioxane. In 18 general, the experimental procedure used for FTIR trials was the same, despite the concentration 19 of 1,4-dioxane was 0.07 mol·L -1 , and the addition of hydrogen peroxide was carried out in 20 continuous mode (8.8 mmol H 2 O 2 ·min -1 to a total 100 mL of reaction solution) because it allows 21 to understand better the reaction process; besides it has previously shown better results than
The main compounds that actual scientific literature proposes to be considered in the 1 degradation route of 1,4-dioxane by oxidation are: ethylene glycol diformate, glycolic acid, 2 glyoxylic acid, methoxiacetic acid, formic acid, acetic acid and oxalic acid [1, 3, 11, 13, 20] . Their 3 reference spectra were first experimentally collected by FTIR (Figure 1 ). Despite the likeness of 4 these compounds, the proper interpretation of mixture spectra (recorded during Fenton 5 processes) have been successfully carried out with the help of the mathematical algorithms 6 integrated in ConcIRT software, and comparing spectra of pure solutions with those obtained 7 along the process. Water spectra were subtracted from the obtained on-line spectra in all 8 experimental runs. 9 10
Experimental design 11
Response surface methodology (RSM) was used to optimize the Fenton treatment of 1,4-dioxane 12 statistically assessing the significance of the effects of the considered individual factors, and the 13 interactions between them, that influence the process [21, 22] . In addition, Pareto charting was 14 used to highlight the most important factors that influenced the treatment efficiency. In short, 15 this methodology allows determining optimum operation conditions for the system, as well as 16 the region in which the operating specifications are satisfied [22] In short, RSM regression analysis was performed according to a full factorial design 4 (N=27) using the following quadratic model: 5 Table 1 . Whether 23 a positive value of one of these coefficients indicates a positive relation of the associated factor 1 to COD reduction; negative coefficients mean a lower COD removal would be achieved at a 2 higher value the related factor. In particular, the negative coefficient related to the pH factor 3 means that higher COD reductions were achieved working at lower pH values ( Figure 2) ; as well 4 as higher doses of H 2 O 2 (a higher [H 2 O 2 ] 0 /COD 0 ratio, actually) increased the difference between 5 the reduction of the COD that was achieved working at those designed lower and higher pH 6 values. In fact, the effect of pH was slight at the designed lower dose value of H 2 O 2 (less than 7 10%). 8
The optimum pH value for performing the Fenton treatment of 1,4-dioxane resulted 2.8, 9
as it has previously been also reported, although the effect of pH was not as relevant as it has 10 been addressed before [18, 28] . The highest influence of pH was exerted at a ratio of 11 [H 2 O 2 ] 0 /COD 0 =4.250, obtaining a good COD removal result (≈55%) when the process was 12 performed at pH=7.2 if it is compared to the optimized result at pH = 2.8 (COD removal≈65%; 13 (Table 1) implies that COD removal was enhanced when this ratio between reagents was 8 lower. Therefore, considering certain amount of H 2 O 2 is added to perform treatment, the higher 9 tested related supply of Fe 2+ yielded the higher removal of COD. 10
In summary, the best tested reaction conditions achieved a 65% COD removal (pH = 2. by FTIR comparing them to the previously obtained reference FTIR spectra of these compounds 11 (Figure 1) . Initially, FTIR spectra did not show any change after the addition of a low 12 concentration of H 2 SO 4 at the studied wavenumber spectral region; as well as it was shown that 13 the degradation of 1,4-dioxane into ethylene glycol under acid reaction conditions resulted too 14 slow to be detected at the beginning of the reaction ( Figure 5 ). In fact, the absence of ethylene 15 glycol at this point was also checked by chromatographic analysis before the addition of 16 Fenton's reagent, after which certain very early changes can be noticed in the spectra. The 17 dissolution of ferrous sulphate heptahydrate reported a peak at about 1100 cm -1 , which surely 18 represents sulphate ion [30] . The evolution of iron content cannot be followed separately. 19 1,4-dioxane and FeSO 4 ·7H 2 O were already present in the solution before any H 2 O 2 was 20 added. A red-brown colour appeared just after hydrogen peroxide was incorporated, denoting 21 iron oxidation from pale-green ferrous ion to red-orange ferric one. A final intense orange color 22 remained in the solution during almost all the process. When 8.8 mmol of H 2 O 2 were already 23 added to the reaction medium, ethylene glycol began to increase its presence, as well as glycolicacid and oxalate anion; whereas 1,4-dioxane began to decrease ( Figure 5 ). After 35 mmol of 1 H 2 O 2 were fully added, glycolic acid and oxalate anion reached a maximum of absorbance and 2 began to decrease their presence thereafter. On the other hand, the presence of formic acid was 3 newly detected at this point, and increased much its content until reaching a constant value at the 4 end of the reaction. Thereafter, the reaction evolved until the complete reduction of 1,4-dioxane 5 just when all the H 2 O 2 dosage (70.5 mmol) was added. In addition, the profile of ethylene glycol 6 showed a slightly decreasing tendency at the same time that glycolic acid and oxalate anion 7 increased their presence at a similar linear pace, denoting certain relationship between both 8 trends towards the end of the process. 9
Chromatographic analyses confirmed the presence of all these compounds at the same 10 moments of the reaction and the full removal of 1,4-dioxane at the end of the Fenton treatment. 11 Therefore, the same process evolution shown in Figure 5 was confirmed by the performed 12 chromatographic determinations at singular reaction moments. Particularly, IC analyses 13 indicated that, whether glycolic acid was produced in a small quantity, the presence of oxalate 14 was very high. This might have been the result of a fast degradation of glycolic acid into oxalic 15 acid, which may actually be the main responsible of the detected trend. 16
The pH-dependence of oxalic acid caused the appearance of the corresponding oxalate 17 anion [31] . Some other peaks appeared along the reaction indicating the presence of other 18 possible intermediates that the ConcIRT software could not identify, such as ethylene glycol 19 diformate and methoxyacetic acid (Figure 6) . Complementarily, the chromatographic analyses 20 detected the production of a low concentration of methoxyacetic acid and a negligible amount of 21 acetic acid; whereas ethylene glycol was actually found along the reaction, which pointed out 22 that the pathway of degradation mainly progressed through the formation of ethylene glycol 23 diformate. 24
As a consequence, a mechanism for the degradation pathway that was followed along the 1 Fenton treatment of 1,4-dioxane may be proposed based on a radical reaction mechanism 2 (Schemes 1-3) . First, hydroxyl radicals that were generated by the reaction between Fe with available dissolved oxygen (Scheme 1), first resulting in the formation of the peroxyl 6 radical that next underwent termination reactions to generate the tetroxide precursor of 1,4-7 dioxan--oxyl radical, which was finally produced releasing oxygen [2,3,13]. Thereafter, 1,4-8 dioxan--oxyl radical progressed splitting the C-C bond, which was stabilized by ring opening. 9 This linear peroxyl radical evolved then reacting with oxygen to produce a linear tetroxide that 10 may undergo two further reactions: (1) the electrocyclic process of this linear tetroxide, which 11 finally yields ethylene glycol diformate [2,13]; or (2) the decomposition in two alkoxyl radicals 12 and oxygen, followed by -fragmentation and H abstraction, finally producing ethylene glycol 13 monoformate [13] (Scheme 1). 14 Finally, ethylene glycol mono-and diformate may have progressed by acid hydrolysis to 1 yield ethylene glycol and formic acid as by-products [32] (Scheme 2). Whereas ethylene glycol 2 may be degraded to glycolic acid, and then evolve to oxalic acid by deformilation [33] ; oxalic 3 acid itself really shows up as oxalate anion under the acidic pH values predominating in the 4 solution (Scheme 3). 5
In summary, during the oxidation of 1,4-dioxane, several by-products were produced as 6 the consequence of the ring opening of 1,4-dioxane molecules, namely: ethylene glycol, glycolic 7 acid, oxalate anion and formic acid. As a result, all 1,4-dioxane was removed, resulting in the 8 appearance of more biodegradable by-products, which may allow a further biological treatment 9 stage when necessary. An 80% total COD removal was finally achieved during these trials 10 thanks to the previously identified optimum reaction conditions for this treatment and the further 11 selection of a continuous addition mode for H 2 O 2 during the process, which has previously been 12 reported to address a similar treatment efficiency enhancement [18, 19] . 13 14
Conclusions 15
The treatment of 1,4 dioxane by Fenton's reagent achieved the total removal of this compound 16 from wastewater, as well as 80% COD reduction efficiency under the best tested treatment 17
conditions. In addition, wastewater biodegradability may be further enhanced, which has been 18 addressed by a significant high presence of volatile fatty acids at the end of the reaction. 
